Grain stored in bins is initially a relatively homogenous resource patch for stored-product insects, but over time, spatial pattern in insect distribution can form, due in part to insect movement patterns. However, the factors that influence stored-product insect movement patterns in grain are not well-understood. This research focused on the movement of the lesser grain borer, Rhyzopertha dominica (F.), within a simulated wheat grain mass (vertical monolayer of wheat) and the identification of factors that contribute to overall and upward movement (age since adult emergence from an infested kernel [1, 7, and 14 d], sex, strain, and different levels of environment quality). We also used the model selection approach to select the most relevant factors and determine the relationships among them. Three-week-old adults tended to stay closer to the surface compared with 1-or 2-wk-old insects. Also, females tended to be more active and to explore a larger area compared with males. Explored area and daily displacement were also significantly strain-dependent, and increasing grain infestation level decreased daily displacement and explored area. Variation in movement pattern is likely to influence the formation of spatial pattern and affect probability to disperse. Understanding movement behavior within a grain bin is crucial to designing better strategies to implement and interpret monitoring programs and to target control tactics.
Different types of food grains such as wheat, corn, and rice are typically stored after harvest in bulk-storage structures such as metal bins, in concrete elevators, or in bags that are stacked in warehouses. These storage sites represent human-created ecosystems with resource patches that are relatively large and homogeneous, with a relatively stable microclimate, and with negligible flow of energy (Sinha 1995) . However, within the broader landscape, these resource patches are spatially and temporally patchy in distribution and represent well-defined physical units with limited routes for immigration and emigration. A community of stored-product insects is able to exploit this type of ecosystem (Waongo et al. 2015) .
Dispersal is the movement between habitat patches and is different from movement within patches (Greenwood and Harvey 1982) . Within-patch movement is associated with finding specific resources such as prey, mates, or oviposition sites. Within-patch movement and tendency to remain within a patch can be influenced by interactions with conspecifics, feedback on patch quality, and encounters with patch edges. Distribution patterns between and within a patch are not typically uniform, with the factors contributing to nonuniform distribution among patches being better understood than the factors contributing to nonuniform distribution within patches Loschiavo 1986, White et al. 1993) . Determining what motivates an insect's movement and separating random from nonrandom movement presents a real challenge to behavioral ecologists. Even if we succeed in identifying all the factors that affect movement behavior, dispersion models may be unfeasible because a large number of parameters need to be included (Turchin 1998) .
Measurement of movement of stored-product insects in a grain mass is limited, and how spatial pattern in insect distribution is formed has not been connected to variation in individual behavior (Jian et al. 2004a, b) . Although a grain mass is initially relatively homogenous, over time, spatial variation in moisture and temperature can be generated and influence spatial distribution of insects (Jian et al. 2003, Flinn and Hagstrum 2011) . However, actual measurements of how insects move in grain and how patterns might form in the absence of variation in environmental conditions have not been well-studied. Understanding movement behavior of insect in storage is crucial for sampling program development and pest management (Jian et al. 2012 ).
The lesser grain borer, Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae), is a species that commonly infests stored wheat soon after it is placed into storage and its populations can increase in size during the warmer months of the year (Dowdy 1994) . Rhyzopertha dominica are strong fliers capable of moving through the landscape (Ching'oma 2006 , Mahroof et al. 2010 , but are generally regarded to not move a lot within a grain patch and as a result are not as readily captured in probe traps placed in grain, compared with other species (Hagstrum et al. 1998 , Flinn et al. 2009 ). Inside the grain mass, R. dominica spatial distribution is typically clumped at relative low density and tends to randomness with the increase of adult density (Jian et al. 2012) . Another process that is not well-understood for stored-product insects such as R. dominica is emigration from resource patches. There has been research on the flight initiation of R. dominica (Perez-Mendonza et al. 1999a, b) , but little is known about behavior within a resource patch that might increase emigration and how beetles respond to patch edges. Given the ephemeral nature of the resource patch in time, the process of emigration from patches is critical for population persistence and colonization of new resource patches.
The aim of this study is to investigate how insect intrinsic characteristics such as sex, age, and strain and extrinsic factors such as the decline of resource quality owing to population size affect R. dominica movement patterns within a resource patch and tendency to move to the grain surface (a behavior likely linked with tendency to disperse from the resource patch). The surface of the grain represents the largest patch edge and is one of the major routes to leave the grain mass and initiate dispersion. The model selection approach (Thorup et al. 2006) can be a useful tool to explore a wide range of variables and their interactions with each other that might be associated with insect behavior. Model selection approach can be used for an exploratory study of strong associations, for instance, the covariates of environmental variables with migration decisions (Thorup et al. 2006) . Here, a model selection approach combining all factors contributing to movement variation and orientation decisions was used to identify the most important variables associated with R. dominica adult dispersal in a grain mass.
Materials and Methods

Wheat and Insects
Hard red winter wheat, Triticum aestivum L. (13.5 6 0.3% moisture content), was used in all experiments. Moisture content was determined using a moisture tester (GAC 2100, Dickey-John Corp, Auburn, IL).
Two strains of R. dominica were used in experiments. The "wild" strain was collected outside a rice mill in Arkansas, and had been cultured in the laboratory for 1.5 yr before the experiments were started. The "laboratory" strain was originally collected in Kansas and had been reared under laboratory conditions for >30 yr. Both strains were reared at 28 6 1 C and 65 6 5% relative humidity (RH) on whole hard red winter wheat. Sex of the beetles was determined using the methods in Crombie (1941), but because this method can be damaging, sex was determined at the end of the experiments. We also measured the wet weight of every insect immediately after each trial.
Monolayer Bioassay
The vertical movement of R. dominica was measured in a single layer of wheat sandwiched between two 40-cm-tall by 20-cm-wide and 3.0-mm-thick glass plates (Vardeman et al. 2007 ). Plexiglas spacers (12-mm-wide and 5-mm-thick) were placed between the glass plates along the sides and the bottom of the glass plates. This provided a gap of $5 mm between the plates of glass. The glass plates and Plexiglas spacers were held together using four binder clips (16 mm capacity) placed in pairs along the long sides. The space between the glass plates (i.e., monolayer) was filled with $250 g of wheat. This left a gap of 5 cm between the top of the grain and the top of the glass plates.
Rhyzopertha dominica adults were released in the monolayers using one of two methods. In the first method, unsexed 1-d-old adults sieved from the colony jars were separated and kept in groups of 20 in 500 g of clean wheat to freely mate and interact with each other until reaching the desired age (7 and 14 d). The insects were released at the center of each monolayer (approximately 18 cm from the top and 9.5 cm from the sides), by inserting a glass tube through the grain (inner diameter of 3 mm and outer diameter of 4 mm) until the tip was at the release point, dropping an adult R. dominica down through the straw, and then removing the straw. In the second method, kernels infested with R. dominica were placed at the center of the monolayer. Infested kernels containing late stage pupae were detected using an X-ray image of the grain (Guedes et al. 2010) . The individual infested kernels were then marked using fluorescent pigment powder Aurora pink (DayGlo, Cleveland, OH) before placing in the monolayer to facilitate identification.
During experiments, the monolayers were placed vertically inside a box and the top of the box covered with aluminum foil, with the tops of the monolayers sticking through the foil. This enabled light to only reach the top of the grain in the monolayers and simulate the darkened environment found in a grain bin. Forty monolayer units were setup at the same time, with each monolayer representing a single repetition. The monolayers were held in an incubator at 28 C, 60% RH, and a photoperiod of 14:10 (L:D) h (no dawn or dusk).
Monolayers were observed daily, the location of each insect determined, and its position recorded by placing a mark indicating the observation time on one of the glass plates making up the monolayer. At the end of the experiment, the beetle positions marked on the glass plates were digitized by photographing each glass plate and importing each image into image processing software ImageJ (Abrà moff et al. 2004) . The image of one of the plates was flipped to match the other plate image for each monolayer unit to reverse the mirror image. Sequential daily positions of the beetles were used to estimate daily displacement, total distance moved, and explored area. Insect "decision" to move upward or downward or to stay was also determined based on movement of more than one body length upward or downward from the previous position. Rhyzopertha dominica feeding in the monolayer formed distinct zones where visible patches of flour and frass accumulated. Feeding sites (FS) were evaluated at the end of the experiment by locating each visible feeding site and in ImageJ, enclosing the area of flour and frass with the smallest possible circle that encompassed the whole feeding site. The area of each circle and number of circles were then calculated.
Effect of Adult Age on Movement
To assess the effect of adult age on vertical movement patterns in a monolayer, mixed-sex adults of the wild strain were collected within 1 d of emergence from wheat kernels and held in groups in glass jars containing 500 g of wheat until reaching desired age class: 1-, 7-, and 14-d postemergence. Single adults from an age class were added to a monolayer and their position recorded daily for 7 d.
Strain and Sex Effects on Movement
A single infested kernel from either the wild strain or laboratory strain was placed at the center of the monolayer, and after the adult emerged from the kernel, its position was recorded daily for 28 d. We combined data from both strains to test if sex difference is important regardless of strain origin. Then, we tested the effect of strain, isolating the effects of sex. The age effect derived from these data was also loaded into the final model by breaking down the data into four time intervals (1-7, 7-14, 14-21, and 21-28 d interval) that corresponded to those tested in the adult age experiment described earlier to allow comparison.
Effects of Level of Infestation (Patch Quality) on Movement
To emulate the degraded environment associated with increasing R. dominica density (e.g., damaged kernels, frass material, pheromone) while still enabling an individual beetle to be tracked in the monolayer, infested grain previously frozen to eliminate live insects was mixed in different ratios with uninfested grain. To create infested grain, 5,000 adult R. dominica were placed in 1.5 kg of wheat for 60 d. At the end of this period, the grain was sieved and insects and fine material accumulated in the jars discarded. Sieved grain was transferred to a sealed container and frozen for over a month to kill all the remaining insects. This contaminated wheat was then mixed with uninfested wheat at four ratios: 0, 1, 10, and 50%.
Statistical Analyses
One-level ANOVAs with post hoc Tukey's HSD tests were used to identify significant variation between levels of the treatments in sample means (n ¼ 20) in a completely randomized design. The analyses were performed using SAS version 9 software (SAS Institute, Cary, NC). All data are presented as mean 6 SEM.
Model Selection
To select the most important variables to explain insect vertical movement and determine the relationships among those variables, a model selection approach based in Akaike Information Criterion (AIC; Wagenmakers and Farrell 2004) was performed to select the best overall model. We calculated an AIC c index that takes both descriptive accuracy and parsimony into account, by using delta AIC and Akaike weight (w i ) (Akaike 1973) values for the top five candidate models. This statistical method rewards parsimony by penalizing the maximum likelihood for the number of the model parameters (Akaike 1974 , Richards 2005 . Adjusted R 2 was also calculated as a secondary criterion for model selection. General linear models were used to test for significant relationships among the response variables related to the insect's vertical movement in grain mass (area, daily displacement, and distance to the surface) and for insect decision (move "downward" or "upward," or "stay") using seven explanatory variables: infestation level of grain (0, 1, 10, and 50%), strain (wild and laboratory), sex (female and male), age (1-, 2-, or 3-wk-old insects), mating status (nonmated or mated), number of feeding sites produced (FSN), and area of feeding site produced (FSA). All data analyses for the model were undertaken using the statistical application and programming language R using glmulti package (Calcagno and Mazancourt 2013) .
Results
Effect of Adult Age on Movement
Different age groups showed significant differences regarding the insect's vertical position and displacement behavior in the grain column ( Fig. 1c ). Insects belonging to the first age class group (1-7d-old) tended to stay farther from the surface compared with the second age group (7-14-d-old) and the third age group (14-21-d-old; F ¼ 4.64; df ¼ 2, 56 P < 0.001; Fig. 1a ). Daily displacement is an estimate of the rate of movement in the grain mass and was calculated by the average distance displaced per day. Insects from the second age group (7-14-d-old) had higher rates of displacement compared with the first and the third group evaluated (F ¼ 3.31; df ¼ 2, 56; P ¼ 0.04; Fig. 1b ).
Feeding sites produced by the different age groups were also different in number and size ( Fig. 1f ). Insects from the second age group produced more feeding sites compared with the first and third age group (F ¼ 15.61; df ¼ 2, 56; P < 0.001; Fig. 1d ), while there was no difference in the number of feeding sites produced by the first and third age groups. Insects belonging to the second age group tended to tunnel less at each feeding site, producing smaller feeding sites compared with the other age groups (Fig. 1e ). Feeding site number and average feeding site area had a negative correlation (r ¼ À0.46; P < 0.001). Adults between 1 and 2 wk in age seemed to be the most mobile and had greatest capacity for dispersion.
Strain and Sex Effects on Movement
Virgin males and females (combined strains) behaved differently in regard to vertical position, movement pattern, and feeding behavior (Fig. 2) . After emerging from inside the wheat kernel, virgin females tended to be found farther from the surface compared with virgin males (F ¼ 5.93; df ¼ 1, 31; P ¼ 0.02; Fig. 2a ). Females also had a higher daily displacement rate compared with males (F ¼ 11.7; df ¼ 1, 31; P ¼ 0.002; Fig. 2b ). Explored area, calculated using the area of the polygon formed by the outermost observed points, provided an index of how much of the monolayer was explored by a beetle. Females explored a larger area of the grain monolayer than males (F ¼ 30.57; df ¼ 1, 31; P < 0.000; Fig. 2c ).
The sexes did not differ in the number of feeding sites they created (F ¼ 3.51; df ¼ 1, 31; P ¼ 0.069), but males produced larger feeding sites compared with females (F ¼ 4.75; df ¼ 1, 31; P ¼ 0.035; Figs. 2d and e). Although virgin males and females showed differences in mobility and feeding behavior, those differences were not converted into differences in body mass (F ¼ 2.22; df ¼ 1, 31; P ¼ 0.147; Fig. 2f ). Because the feeding pattern seems to be different between males and females but the body mass does not differ, we also tested if the sum of all feeding site areas produced by each beetle would be different regarding sex. Total feeding site area was not significantly different between females (mean ¼ 13.1 6 2.10 cm 2 ) and males (mean ¼ 8.7 6 2.33 cm 2 ; F ¼ 1.88; df ¼ 1, 31; P ¼ 0.18). Body mass was not significantly correlated with distance to the surface (r ¼ À0.21; n ¼ 31; P ¼ 0.24), daily displacement (r ¼ À0.09; n ¼ 31; P ¼ 0.61), explored area (r ¼ 0.04; n ¼ 31; P ¼ 0.81), feeding site number (r ¼ À0.35; n ¼ 31; P ¼ 0.05), or feeding site area (r ¼ À0.06; n ¼ 31; P ¼ 0.73).
Regarding strain differences (Fig. 3) , the wild strain tended to spend more time near the surface of the grain than the laboratory strain (F ¼ 11.992, df ¼ 1, 33; P < 0.001). The behavior of the sexes did not differ between wild and lab strains (F ¼ 3.41; df ¼ 1, 33; P ¼ 0.07): males from both strains tended to stay closer to the surface than females (F ¼ 4.07; df ¼ 1, 33; P ¼ 0.04). There was no observed difference in daily displacement between wild and lab strains (F ¼ 0.925; df ¼ 1, 33; P ¼ 0.29). However, males and females presented different rates of daily displacement (F ¼ 9.17; df ¼ 1, 33; P ¼ 0.004). The lab population tended to explore a larger area compared with the field strain (F ¼ 7.743; df ¼ 1, 33; P < 0.000). Females tended to explore a larger area regardless of the strain (F ¼ 50.33; df ¼ 1, 33; P < 0.000).
Effects of Level of the Infestation (Patch Quality) on Movement
The amount of infested kernels, as an indicator of population density and consequentially patch quality, significantly affected insect position and movement (Fig. 4) . Distance to the surface gradually increased with the increase in ratio of infested grain to uninfested grain (F ¼ 3.21; df ¼ 3, 40; P ¼ 0.03; Fig. 4a ); insects exposed to a 50% mixture of infested grain tended to stay farther from the surface compared with insects that experienced a less infested environment. This might have been owing to decreased activity. Although daily displacement was not significantly different among densities (F ¼ 2.46; df ¼ 3, 40; P ¼ 0.08), the explored area gradually decreased with the increase in the amount of infested grain (F ¼ 4.13; df ¼ 3, 40; P ¼ 0.02; Fig. 4c ). We observed some insect mortality in two treatments; three insects died in the 10% and four in the 50% ratios. No insect mortality was observed in any of the earlier experiments, so this suggests that the infested grain may have had some detrimental effects on the beetles. Replicates with insect mortality were not included in the above analysis and additional replicates were performed to replace the missing data.
Model Selection
For explored area, the top model elected all predictive variables according to AIC c criteria (Table 1) . Mating status, age, sex, and feeding behavior parameters (feeding site number and feeding area size) seem to be consistent predictors and were present in all top five models, but the top model also included density and strain. Comparing density and strain, density was more important in explaining variation in explored area (w i ¼ 0.28) than strain (w i ¼ 0.20). The adjusted R 2 had low variation between models, from 0.37 to 0.38, and is in accordance to what was found using AIC. Global generalized linear model results show that age (slope ¼ À7.12) and density (slope ¼ À0.4) are negatively associated with explored area, although density was not significant at the 0.05 confidence threshold (Table  2 ). Feeding site parameters, feeding site number (FSN; slope ¼ 13.90) and feeding site area (FSA; slope ¼ 16.41), were positively associated with explored area ( Table 2) . Analysis of strain and sex is consistent with the previous findings; laboratory strain tended to explore the largest area and females are also associated with larger explored area values than males (Table 2) . For daily displacement, density, strain, sex, and FSN were selected for the top model according to AIC c criteria. Daily displacement models had the good performance, and showed overall low variation between models, from 0.41 to 0.42, in accordance with adjusted R 2 varying (Table 1) . Feeding site number (slope ¼ 0.9) was positively correlated with daily displacement. Density was weakly and negatively associated with daily displacement (slope ¼ À0.03), (a) (b) (c) Fig. 3 . Effect of strain on three behavior parameters of insect movement comparing females (black) and males (gray) from wild and laboratory strains: (a) mean (þ SEM) distance to the surface (Strain: F ¼ 11.992; df ¼ 1, 33; P ¼ 0.001, Sex: F ¼ 1.24; df ¼ 4, 33; P ¼ 0.36); (b) mean (þ SEM) daily displacement (Strain: F ¼ 0.925; df ¼ 1, 33; P ¼ 0.29; Sex: F ¼ 3.8; df ¼ 4, 33; P ¼ 0.012), (c) mean (þ SEM) explored area (Strain: F ¼ 7.743; df ¼ 1, 33; P < 0.000; Sex: (F ¼ 6.5; df ¼ 4, 33; P < 0.000); ** indicate significant differences between sexes within a strain (P< 0.01). and just significant at 0.1 confidence threshold (Table 2) . Females were also confirmed to be the sex that showed the highest movement capacity, and the lab strain had the highest values of daily displacement.
The top model for the tendency of a beetle to move toward the surface included density, strain, mating status, and sex. The AIC weight (w i ¼ 0.35) shows that the model is severely penalized when another variable is included (w i ¼ 0.18) or dropped (w i ¼ 0.17). Model performance was the lowest relative to models for explored area and daily displacement according to adjusted R 2 . Density, strain, mating status, and sex seem to be the best combination of variables to explain movement to the surface, although adjusted R 2 had no improvement compared with the second best model. More mobile insects tend to maintain overall larger distances to surface, and that behavior is likely owing to their tendency to explore much more than insects that move closer to the surface. This relation is evident in the correlations between distance to the surface and daily displacement (r ¼ 0.60; n ¼ 31; P ¼ 0.001) and explored area (r ¼ 0.76; n ¼ 31; P ¼ 0.001).
To understand what factors affect an insect's decision to move "upward" or "downward" or to "stay" at the same level on the grain column, we generated models to elect which variables were most influential to the insect's decision on movement direction. The global models for an insect's decision to move "upward" or "downward" or to "stay" include density, strain, sex, and FSN. The same set of variables was selected in the top model of the decision to go "downward" and to "stay" at the same position (Table 3) . AIC weight for the top model for insect decision to go "downward" was considerably higher compared with the other models (w i ¼ 0.44); the same pattern was observed with the insect's decision to "stay" (w i ¼ 0.32). The models of decision to move "upward" or "stay" had good performance according to adjusted R 2 values ranging from 0.13 to 0.22 for the decision to move "upward" and from 0.32 to 0.32 for the decision to "stay" ( Table 3) . Slopes of all parameters elected as best predictors were significant at the P-value level of 0.05 under global generalized linear model results. Although the same parameters are in both "downward" and "stay" top models, the slopes are contrary from one another, revealing that the opposite state of moving "downward" is to "stay" (Table 4 ). Only density and sex were present in the top model for decision to move "upward," Best models are those with the lowest AIC value. The Akaike weights can be considered to represent the probability of a model given the data, with weights summing to 1 across candidate models. Weighted parameter estimates and standard errors calculated using parameter Akaike weights (Burnham and Anderson 2002); starred parameters are significant at the P-value level of: *** 0.001; **0.01; *0.05. Models represent those with the lowest AIC value. The Akaike weights can be considered to represent the probability of a model given the data, with weights summing to 1 across candidate models.
whereas the difference between the models that included density (w i ¼ 0.34) and the model that did not include density (w i ¼ 0.33) was small (Table 3 ).
Discussion
Movement behavior of R. dominica was significantly affected by a great number of factors tested in this study. Beetles tested during the third week of adult life were observed closer to the surface compared with beetles tested during the first and second week. Insects from the second age group clearly represent a transition from the lower half to the upper half of the plate. Insects tested at 2 wk of age had higher mobility, which was also associated with a higher count of feeding sites with smaller average size. Previous studies on flight initiation report that young adults have a greater tendency to initiate flight than older beetles, indicating that age has a strong effect also on flight initiation (Barrer et al. 1993 , Aslam et al. 1994 , Dowdy 1994 . Our findings support the idea that younger insects under certain conditions have higher mobility and might be more likely to engage in dispersal behavior by leaving the breeding site, although we did not directly test this here. However, as adults in the first week did not tend to move toward the surface, there was no observed linkage between periods of time where beetles tend to move upward and a tendency to initiate flight. There was another difference between the age groups that might have influenced the results: 1-7-dold insects were collected soon after emergence and transferred into the monolayer, and therefore were less likely to have mated and had less time to interact with conspecifics. Rhyzopertha dominica mating behavior occurs within the first 24 h after eclosion (Thompson 1966) , so beetles transferred to monolayers on the first day may have a higher probability of having not mated than those in the other age groups. If mating status is associated with differences in movement behavior, this might influence the results observed. The two older age groups had, respectively, 1 and 2 wk of interaction with conspecifics before being held in isolation in the monolayer. If this interaction provides information on beetle density, then differences in movement behavior between age groups might be due in part to this difference in experience. Insects in the 2-wk age group, with the tendency to move upward, may be those most likely to reach the grain surface and initiate flight; these also may have had sufficient time to mate and possibly lay eggs before dispersal. The majority of dispersing females captured in the field are fertilized (Edde 2012) .
Males had lower mobility and tended to stay closer to the surface than females. A possible explanation for a sex-biased difference in mobility observed in R. dominica might be that as males produce pheromones that are attractive to both males and females (Khorramshahi and Burkholder 1981) , they may have better efficiency calling females from a static position. When isolated, females wandered and explored the patch much more than males. Studies on flight activity under laboratory conditions have shown that males and females are not significantly different in flight initiation (Aslam et al. 1994 , Dowdy 1994 , even though more females tend to be captured in outdoor traps (Edde et al. 2005) . Feeding behavior reveals that males and females seem to feed in different fashion. Males tended to be observed feeding in the same location more frequently and produced larger feeding site areas compared with females. This difference is probably related to males being less mobile than females. Differences in mobility and in feeding behavior had no significant effect on body mass values; however, the sum of all total feeding areas produced per beetle had no significant difference in comparison between males and females, suggesting similar resource consumption. Also, body mass did not differ significantly between males and females and only correlated weakly with other movement parameters. Research on R. dominica flight initiation has shown that flight correlates with beetle body mass, with heavier beetles more likely to initiate flight than lighter beetles (Hagstrum et al. 1999; Perez-Mendoza et al. 1999a, b) . However, flight initiation is a complex behavior, which can be influenced by interactions with other individuals, which might explain the different results found here with isolated insects in a grain monolayer.
The recently collected wild strain and the strain under long-term laboratory culture differed in their behavior. Females from both strains moved in a similar manner, but males from the wild strain explored a smaller area and tended to stay much closer to the surface compared with males from the lab strain. Distance to the surface and overall level of movement were intrinsically related, showing strong and negative correlation to each other, which can explain the differences between sexes. Beetles cultured in the laboratory may be under selection owing to limited interaction with edges, limited flight opportunities, and higher densities that may influence their dispersal behavior. A tendency to be closer to the grain surface may have adaptive advantages for wild-strain males, but may be unimportant or disadvantageous to strains confined in laboratory culture jars. For example, males that stay closer to the surface may have an increased chance to attract and mate with recently arrived females that have landed on the grain surface. This male strategy of positioning near the grain surface may not be selected for under laboratory conditions where immigration does not occur. In an earlier study, R. dominica was less likely to be collected at the grain surface compared with other stored-product insect species, and these beetles did not exhibit any tendency to move toward the surface of the grain mass (Surtees 1963) . However, in the current study, we tested single insects and, in some cases, naïve insects emerging from an infested kernel placed inside the monolayer, and it is possible that movements by these insects could represent expressions of innate behaviors compared with older beetles kept in groups. In a different monolayer experiment, the laboratory strain of R. dominica showed a strong tendency to move downward when placed on the grain surface (Vardeman et al. 2007 ). However, insects may respond differently if placed on the surface of a grain patch that had not previously been exploited, and they might induce colonization behaviors rather than dispersal behaviors. Differences among strains or the impact of laboratory culture on movement in a grain mass has not been previously evaluated, but the impact on flight behavior has been evaluated. Rhyzopertha dominica strains collected at southern latitudes flew significantly more than did beetles from northern strains, and F1 hybrid progeny from the crosses of those strains tended to have the maternal phenotype for flight activity, suggesting a genetic basis for R. dominica interpatch movement (Perez-Mendoza et al. 1999b) . Wild strains were also more prone to initiate flight than lab strains, even if lab strain had only been in culture for a few generations (Aslam et al. 1994; Perez-Mendoza et al. 1999a, b) .
Decreasing grain quality by overcrowding decreased mobility and increased average distance from the surface, rather than our expectation that low grain quality would trigger avoidance behavior or movement to the surface and ultimately dispersal from the grain patch. Vertical movement studies with other stored-grain insect species have demonstrated that insect density increases their diffusion in the grain mass (Jian et al. 2003 (Jian et al. , 2007 Jian and Jayas 2009) . Daily displacement did not differ across the four levels of infestation in our study, but at 1% infestation, there was a nonsignificant trend in the data for movement to be increased. We observed some mortality in the 10 and 50% ratios, suggesting that increasing ratio of infested kernels might have a stress effect. An increase of cues associated with infested kernels might produce a toxic environment, and placing beetles in highly infested grain can lead to mortality (JFC, unpublished data). Small changes in behavior owing to stress are often difficult to detect owing to their nonlinear nature, the need to intensively test a narrow range of concentrations, and lack of statistical power (Calabrese and Baldwin 1998) . However, despite the reduction of insect mobility and increased average distance from the surface, propensity for flight initiation by R. dominica has been reported to increase with increasing beetle density (Barrer et al. 1993 , Dowdy 1994 , Perez-Mendoza et al. 1999a .
Models generated using the combined data support the univariate study results. Explored area and daily displacement elected similar sets of variables and the relation among variables indicates that young, presumably mated lab-strain females under low-density conditions were associated with high mobility, whereas older virgin wild-strain males under high-density conditions were more associated to low mobility. Daily displacement had more parsimony and elected fewer variables, but had similar relationships to those found in the explored area model. Model selection was also able to detect a significant effect of strain that was not clear in the univariate studies. With observational behavioral data sets, adjusted R 2 values in the range of 0.4 can be interpreted as a "large" effect (Møller and Jennions 2002) . The models generated here for "explored area" and "daily displacement" were in a similar range; however, "distance to the surface" was much lower (0.09). Movement to the surface was a rare event, and although they were not able to explain a larger share of the variance, the variables listed in the model were highly significant. The same idea can be applied for the insect "decision models" that followed a similar trend. The models that we generated here are only an approximation of the biological phenomenon being studied, so we can only determine the most influential parameters associated with dispersion and how they are possibly related with each other (Symonds and Moussalli 2011) . Further studies combining the significant variables found here can be used to validate the findings reported here and enhance our confidence regarding the factors driving insect movement within resource patches such as grain bins.
Although abiotic factors such as temperature and moisture have been shown to influence R. dominica movement behavior and spatial pattern of distribution (Flinn and Hagstrum 2011) , we have also found that intrinsic variables such as sex, age, and strain may also, through their influence on movement behavior, generate different patterns of spatial distribution. While it is not clear at this point why some of the observed differences might be occurring, according to this research, young females will have a completely different movement pattern compared with old males. Those differences are also affected by strain and the quality of environment surrounding it. The variation found in this study does suggest that intrinsic features of the individual and its environmental interactions are likely to affect the pattern of distribution in the grain mass. Research on movement and spatial pattern will increase our ability to predict and detect insect infestation through better interpretation of monitoring programs using probe traps, better targeting of treatments, and more accurate models of pest distribution and population dynamics.
